Abstract-Nonylphenol (NP) and other hydrophobic biodegradation intermediates of nonylphenol ethoxylate (NPE) surfactants have been identified in wastewater treatment biosolids. These biosolids often are land applied, but little is known regarding the potential uptake of biosolid-derived contaminants by plants. Hydroponic experiments, 11 to 14 weeks in duration, were conducted to examine the uptake and translocation of 14 C and unlabeled NP, nonylphenol tetraethoxylate (NPE4), and nonylphenol nonylethoxylate (NPE9) by crested wheatgrass (Agropyron cristatum). Phenol also was evaluated for comparison. Plant tissue was analyzed for 14 C and for the parent compounds. Volatilization from the hydroponic system and rhizosphere mineralization also were quantified. At the conclusion of the study, most of the plant-associated 14 C was found in the roots (NP ϭ 98%, NPE4 ϭ 92%, and NPE9 ϭ 81%). Concentrations of 14 C in the foliar tissue ranged from 0.002 to 0.045 mg-equivalent per kg (dry wt), but no parent compounds were detected, implying that the 14 C was unextractable or in the form of metabolites. Transpiration stream concentration factors for NP, NPE4, and NPE9, calculated assuming the 14 C was parent compound, were 0.012, 0.032, and 0.066, respectively. Little mineralization was observed for NP, NPE4, and NPE9 in the hydroponic system; however, for phenol, 16 to 30% of the added 14 C was mineralized.
INTRODUCTION
Nonylphenol ethoxylates (NPEs) are widely used surfactants that ultimately are disposed of in wastewater collection and treatment systems. Nonylphenol ethoxylates largely are biodegraded within wastewater treatment facilities; however, untreated NPEs and more hydrophobic metabolites such as nonylphenol (NP), nonylphenol monoethoxylate (NPE1), and nonylphenol diethoxylate (NPE2) have been identified in the biosolids (sludges) produced by these facilities [1, 2] . Nonylphenol and NPE1 are of potential environmental concern because they are considered weakly estrogenic [3] .
Land application is used widely for the disposal/recycling of municipal sewage biosolids and, in 1998, the U.S. Environmental Protection Agency estimated that 60% of the nearly 7 million tons of biosolids generated were land applied [4] . Further biodegradation of NPEs and NP within the soil/biosolids system has been observed [5] [6] [7] , but information describing the potential uptake of these compounds by plants is limited to only a few studies involving NP.
Bokern et al. [8] investigated the toxicity, uptake, and metabolism of 4-NP in root cultures and with intact plants grown in soil. Nonylphenol was toxic to root cultures at concentrations of 1 to 10 mM (0.22-2.2 mg/L) depending on plant species. With intact plants, only 1.5% of applied 14 C was taken up, but 14 C was found in the shoots, indicating that some translocation of NP or its metabolites occurred. Degradation of NP within the soil/plant environment also was reported.
Mortensen and Kure [9] examined the uptake and degradation of NP in a sandy loam soil loaded with aerobic sludge, anaerobic sludge, compost, or pig manure. No plant uptake of NP was observed above the detection limit of 100 ppb dry weight. Degradation of NP was greater in the presence of plants when the NP added to the soil was derived from sludge or compost, but no difference between planted and unplanted systems was observed when the NP was added to the soil in the form of an aqueous solution.
Plant uptake via the roots is believed to be a passive process for most xenobiotic organics [10] . Models used to predict the uptake of organic contaminants from the roots into the foliar portion of the plant [11, 12] generally consider the following factors: Concentration of the contaminant in the water used by the plant, amount of water transpired, and transpiration stream concentration factor (TSCF). Metabolism and other loss mechanisms that reduce contaminant concentrations within the foliar tissue also must be considered for many compounds. Also, in many field situations, not all the water used by the plant may be contaminated [13] .
The TSCF is a dimensionless ratio of the chemical concentration in the xylem sap to the bulk concentration in the root zone solution [14] . Because xylem sap concentrations are difficult to measure directly for intact plants, TSCFs often are determined from measured shoot concentrations where the shoot tissue concentration is normalized to the amount of water transpired during exposure to the chemical. This assumes that no significant losses of chemical within the plant (i.e., metabolism or phytovolatilization) occur during the time of the study.
For greater control of root-zone solution concentrations, TSCF determinations generally are conducted in hydroponic systems.
The TSCF values are greater than one for nutrients that are taken up actively, but are one or less for xenobiotic organics. For organics, TSCF values are thought to be related to the hydrophobicity of the compound; several empirical relationships between TSCF and the logarithm octanol/water partition coefficient (log K ow ) have been reported [15] [16] [17] [18] . The characteristic bell-shaped curves used to relate TSCF to the log K ow suggest an optimal lipophilicity for uptake and translocation, inferring that compounds that either are highly polar (log K ow Ͻ 0.5) or highly lipophilic (log K ow Ͼ 4.5) will not be taken up significantly by plants.
Based on the measured log K ow values reported for NP (log K ow ϭ 4.2, 4.38) [19, 20] , plant uptake and translocation are expected to be minimal. However, for nonylphenol tetraethoxylate (NPE4) and nonylphenol nonylethoxylate (NPE9), experimental values of log K ow are unavailable, and estimated values can vary greatly depending on the technique used [20] . In addition, the applicability of using K ow values for predicting plant uptake for surfactant molecules that can associate in the aqueous phase is questionable. Finally, although the empirical relationships presented by Briggs et al. [15] and others are useful for initial estimates, numerous examples show significant over-or underprediction of plant uptake. For example, significant uptake and translocation of both highly water-soluble (e.g., 1,4-dioxane [21] ) and highly hydrophobic compounds (e.g., dibenzo-p-dioxins [22] ) have been reported.
The main objective of the research presented here is to determine the extent to which NP, NPE4, and NPE9 are taken up by crested wheatgrass. Phenol also was evaluated for comparison. Nonylphenol nonylethoxylate was selected as one of the most widely used NPE surfactants, and NPE4 represents a more hydrophobic NPE used in emulsions and solvent-based cleaners. Nonylphenol tetraethoxylate also represents a partially degraded NPE that may occur in poorly treated wastewater and aerobically digested sludge. Rhizosphere mineralization and volatilization from the hydroponic solution also were quantified for comparison to future soil-based studies. Crested wheatgrass was selected to be representative of drought-resistant grasses that might be found on biosolids application sites in the semiarid conditions that exist throughout much of the western United States. Hydroponic studies were used to determine the uptake of NP, NPE4, NPE9, and phenol as a function of exposure concentration and water transpired by the plant. For fundamental plant uptake studies and TSCF determinations, the use of hydroponics greatly reduces the exposure variability and eliminates the influence of soil desorption kinetics and the difficulty associated with collecting soil water samples in unsaturated systems.
MATERIALS AND METHODS

Seed germination
Crested wheatgrass (Agropyron cristatum, cultivar CD-II) seeds [23] were obtained from the United States Department of Agriculture Forest and Range Research Laboratory (Logan, Utah, USA). To initiate germination, seeds were inserted between damp paper towels, inclined, and placed into transparent Plexiglas containers filled with about 1 cm of tap water. Only seeds visually free of fungal contamination were placed in the tap water. No bacterial or fungal contamination during germination was observed. Ridomil 2E fungicide (Ciba-GEIGY, Greensboro, NC, USA) was added at a concentration of 1 mg/ L as a preventative measure. The seeds were kept moist by the wicking action of the paper towels, which were submerged partially in the water at all times. Germination took place indoors under constant temperature (26 Ϯ 1ЊC) and dim lighting. Rooted seedlings generally were large enough to plant after 15 to 20 d. Seedlings then were grown hydroponically in a greenhouse (typically 4-5 weeks), selected for uniformity, and transplanted into the exposure chambers before dosing.
Preliminary uptake study
A preliminary uptake experiment, approximately 56 d in duration, was conducted to determine dosing requirements, evaluate potential plant toxicity, and assess the magnitude of volatilization losses directly from the hydroponic solution before the initiation of the full-scale uptake studies. A preliminary evaluation of plant uptake kinetics and distribution also was performed.
Ten 2-L glass jars, fitted with aeration tubes and foam seals and filled with nutrient solution, served as the exposure chambers for the preliminary uptake experiment. The jars were placed in a greenhouse where the air temperature was maintained at 25 Ϯ 2ЊC. The photosynthetic photon flux from highpressure sodium lamps during the 16-h photoperiod was 200 at the base and 600 mol/m 2 ·s at the top of the plants. A complete nutrient solution [24] was used to provide vigorous growth and near optimal concentrations of the essential nutrients for crested wheatgrass. The nutrient solution also provided 0.1 mM potassium silicate, a beneficial element that is absent from standard nutrient solution recipes but is ubiquitous in soils. Silica regulates the uptake of micronutrients [25] and may play a role in the regulation of organic chemical uptake.
Crested wheatgrass plants (15-20 d old) were transplanted into seven of the 10 jars (1 plant/jar), and three were left unplanted. A single dose of NP, NPE4, or NPE9 (mixture of nonlabeled and uniformly ring 14 C-labeled) was added to six of the planted jars at the beginning of the study to yield initial nominal exposure concentrations of 0.007 and 0.07 mg/L for NP, 0.03 and 0.3 mg/L for NPE4, and 0.04 and 0.4 mg/L for NPE9. The ratio of nonlabeled to labeled ranged from 10 to 50 depending on the compound. The concentrations of the first two compounds were well below their measured aqueous solubility of 5.4 and 7.6 mg/L, respectively [20] . Nonylphenol nonylethoxylate is water-miscible. The seventh planted chamber served as a nondosed control. To evaluate volatilization losses, two of the three unplanted jars were dosed with NP at the same levels used in the planted systems. Nonylphenol was used to represent a worst-case scenario for volatilization losses, because its Henry's law constant is at least three orders of magnitude greater than NPE4 or NPE9. A third unplanted jar was used as an analytical control and to verify that no 14 C was being transferred from one system to another.
Plant material harvested at the conclusion of the study was separated into roots, stems (segmented stalk preceding the awns), and leaves. The total mass of tissue then was determined on a fresh and dry weight basis. Separate samples of tissue were placed in an oven at 80ЊC for 48 h to determine dry weight. No loss of compounds during drying was observed in spike recovery tests. Prior to analysis, the plant tissue was cut into small pieces and mixed. The amount of 14 C in each plant was determined using a combustion/liquid scintillation counting (LSC) procedure. Triplicate samples from each plant were combusted using a R.J. Harvey Biological Oxidizer OX-600 (R.J. Harvey Instrument, Hillsdale, NJ, USA). Carbon dioxide evolved from the oxidized plant tissue was trapped in a solution of 50% Ready Gel (Beckman Instruments, Fullerton, CA, USA), 40% methanol, and 10% ethanolamine and counted using LSC. Method blanks and spikes were analyzed initially and after every 12 to 15 samples.
Experimental design full-scale uptake studies
Based on the results of the preliminary uptake study, a more rigorous system was used in the subsequent studies to maximize the recovery of the test compounds and determine if mineralization was occurring. The system was based on a design previously used by Orchard et al. [13] for trichloroethylene, except that the foliar portions of the plants were not enclosed. Because measurable phytovolatilization (volatilization from plant along with transpired water) was not expected for NP, NPE4, NPE9, and phenol, eliminating the foliar enclosure improved plant growth conditions and greatly simplified the operation of the system, without impacting the ability to quantify volatilization of the test compounds from the hydroponic solution.
Four separate chamber systems ( Fig. 1) , each consisting of a root zone chamber, three volatile organic compound traps, and two carbon dioxide (CO 2 ) traps, were used for each of the four compounds evaluated. The root zone chamber and all traps were constructed of glass. Connections were made with stainless steel and Teflon (PTFE) tubing. The volatile organic compound traps contained 300 to 500 ml of ethylene glycol monobutyl ether, and the CO 2 traps were filled with 500 ml of 1 M potassium hydroxide (KOH). A vacuum pump was used to pull atmospheric air through the root zone chamber and the associated traps at a flow rate between 40 and 50 ml/ min. This flow rate was chosen to ensure adequate mixing and oxygen levels in the root zone but minimize breakthrough in the organic and CO 2 traps [13] . A 10-cm thick closed-cell foam seal was used to provide support for the plants and minimize direct atmospheric exchange with the root zone.
For each compound evaluated, two systems were planted with crested wheatgrass (1/jar, 15-20 d old) and two served as nonplanted controls, one of which was poisoned with 8.0 mM of sodium azide. The unplanted, poisoned system was used to evaluate the extent of abiotic losses such as volatilization. The unplanted controls used a glass rod in place of the plants. The unplanted, nonpoisoned system was used to determine if any mineralization occurred in a biologically active hydroponic system. The complete nutrient solution [24] used for the preliminary uptake studies also was used in the fullscale uptake studies.
A constant solution level was maintained in each of the planted systems using a Marriotte bottle. Solution was added manually as needed to the nonplanted systems to account for losses due to evaporation (typically between 100 and 200 ml each month).
Stock solutions of 14 C and nonlabeled test compounds dissolved in methanol were added to the dosed systems to yield root zone concentrations of about 0.0003 to 0.004 mg/L of each compound. Root zone solution samples were collected and analyzed every 2 to 3 d throughout the duration of the studies, and additional aliquots of the stock solutions were added to maintain the initial root zone concentration. The total volume of methanol added during the study was less than 0.01% of the root zone volume. The concentrations were selected to be well below the reported aqueous solubilities of the compounds and representative of estimated concentrations of NP, NPE4, and NPE9 in soil pore water at typical biosolid land application sites. The trapping solutions were sampled weekly and at the conclusion of the experiments. The NP, NPE4, and NPE9 uptake studies were 99 d in duration. The phenol study ran for 77 d. The studies were concluded when one or more of the plants stopped transpiring water.
The uniformly ring-labeled 14 C-NP (purity 95.7%), NPE4, and NPE9 (specific activity 76.6, 29.2, and 29.2 mCi/mmol, respectively) were prepared by BioDynamics Radiochemicals (Billingham, UK). The 14 C-phenol (purity 98%, specific activity 54.5 mCi/mmol) was obtained from Sigma Chemical (St. Louis, MO, USA). The unlabeled NP (purity 97.8%) was obtained from Huntsman Petrochemicals (Port Neches, TX, USA), and the NPE4 and NPE9 were obtained from Chem Service (West Chester, PA, USA).
At the conclusion of each study, the hydroponic systems were dismantled. Plants were removed from their respective root zone columns, and the fresh weights of the roots and foliar tissue were determined. Plant tissue was analyzed for 14 C within 24 h of being harvested. Plant tissue used for parent compound determination was frozen at Ϫ20ЊC until analysis, with a maximum holding time of six months. The final volumes of trapping solutions and root zone solution also were measured. The root zone chamber and connective tubing of each system were rinsed thoroughly with methanol and acetone. The rinsate was collected and sampled for LSC analysis. 
Determination of 14 C
The amount of 14 C in the root zone solution and organic trap samples was determined directly by LSC (Beckman LS 1701, Beckman Instruments) after adding 2 to 3 ml of sample to an appropriate volume of Ready Gel scintillation cocktail. (Beckman Instruments). The 14 CO 2 trapped in the potassium hydroxide solutions was precipitated with BaCl 2 and filtered. The Ba 14 CO 3 precipitate then was acidified with 10% HCl, and the re-evolved 14 CO 2 was trapped in a solution consisting of 50% Ready Gel/40% methanol/10% monoethanolamine that was analyzed directly by LSC.
To determine 14 C concentrations in the plant tissues, triplicate 1-to 2-g (fresh wt) samples of tissue were combusted at 900ЊC with a biological oxidizer (R.J. Harvey Model OX-600). Prior to combustion, root and foliar tissues were cut into small pieces with a stainless steel knife or scissors and mixed thoroughly. The evolved 14 CO 2 was collected in a solution of 50% Ready Gel/40% methanol/10% monoethanolamine and analyzed directly by LSC.
Determination of NP, NPE4, and NPE9 in plant tissue samples
Steam distillation/solvent extraction/high-performance liquid chromatography (HPLC).
A steam distillation/solvent extraction procedure (Method ST-38.34-94, Huntsman, Austin, TX, USA), using the apparatus designed by Veith and Kiwas [26] , was used to extract NP from the plant tissue samples. Eight to 12 g of dry plant sample were added to a 2-L boiling flask containing 1 L of deionized water, 20 g of sodium chloride, and 3 g of sodium bicarbonate. The mixture then was refluxed for 1 h with isooctane (2 ml) used as the distillate extraction solvent.
The concentration of NP in the isooctane extract was determined using a Shimadzu HPLC (Shimadzu Scientific Instruments, Columbia, MS, USA) equipped with a fluorescence detector and a Nucleosil CN 5-m (normal phase) 250 ϫ 4.6 mm column (Supelco, Bellefonte, PA, USA). The detector was operated at an excitation wavelength of 230 nm and an emission wavelength of 290 nm. Samples were eluted at a flow rate of 2 ml/min with a mobile phase consisting of a blend of 90/10 volume/volume (v/v) hexane/tetrahydrofuran (solvent A) and 90/10 v/v isopropanol/water (solvent B) that varied from 100% A to 50/50% A and B over 15 min. Method detection limits were calculated by multiplying the standard deviation of seven replicate spiked plant tissue samples by the Student's t-value. Sample specific method detection limits for the steam distillation/HPLC procedure are dependent on the sample size but generally were 0.0005 mg/kg dry plant tissues for NP.
Supercritical fluid extraction/HPLC. The steam distillation procedure used for NP did not recover effectively (Յ50%) the NPE4 and NPE9 from the plant tissue samples, and, for these compounds, a supercritical fluid extraction (SFE) method was used. Using a DIONEX Model 703 (Dionex, Sunnyvale, CA, USA) supercritical fluid extractor, 0.2-and 1.5-g dry plant tissue samples (depending on amount of tissue available for analysis) were sealed in 3.5-ml stainless steel extraction cells and extracted with a mixture of SFC grade supercritical carbon dioxide (Scott Specialty Gases, Plumsteadville, PA, USA) and methanol (30%). The temperature of the extraction cells was held at 100ЊC and the extraction program consisted of three 10-min pressure intervals of 200, 340, and 200 atmospheres. The effluent from the extraction cells was bubbled into glass vials containing 10 ml of methanol cooled to 4ЊC. The volume of methanol was reduced to 2 ml by evaporation under a gentle stream of nitrogen before HPLC analysis. The SFE method also was used on split samples to extract NP and compare its effectiveness relative to steam distillation.
The methanol extracts from the SFE were analyzed by HPLC with fluorescence detection (excitation ϭ 230 nm, emission ϭ 290 nm). The HPLC system consisted of a Shimadzu LC-6A pump, SPD-6A fluorescence detector, SIL-9A auto injector, and SCL-6A system controller (Shimadzu Scientific Instruments). A LiChrospher RP18 5 m 250 ϫ 4.6 mm column (Supelco) was eluted isocratically at a flow rate of 1.0 ml/min with an 80:20 (v/v) mixture of methanol/water. Sample specific method detection limits for the SFE/HPLC procedure are dependent on the sample size, but generally were 0.0025 mg/kg dry plant tissues for NP, NPE4, and NPE9. (8) 
RESULTS AND DISCUSSION
Preliminary uptake study results
Most of the 14 C recovered from the planted systems was found in the root tissue (Table 1) . However, the percent of 14 C recovered from the planted jars ranged from 45 to 130%, and only two of the six planted-dosed jars had total percent recoveries greater than 90%. With no roots present to provide a sorptive surface, the percent of NP recovered from the unplanted jars was much lower, ranging from 11 to 18%. Volatilization from the hydroponic solutions likely was the main contributor to the low recoveries.
Recovery and distribution of 14 C in the full-scale study
The recovery of 14 C from the 16 dosed systems is summarized in Table 2 . Recoveries were greater than 90% in 10 of 16 systems and greater than 75% in 13. However, two of the systems, both unplanted (one poisoned), had recoveries less than 50%. The reason for the low recoveries in these reactors is unclear. However, in all cases, recoveries in the planted systems (92-108%) were greater than for the nonplanted systems (46-99%), suggesting that sorption to the roots reduced unaccounted losses from the systems.
At the conclusion of the exposure period, most of the 14 C added to the planted systems was found to be associated with the roots (51-90%) in all but one case ( Table 2 ). The exception, a plant exposed to NPE9, showed signs of stress shortly after the study began, and was removed from the system when it stopped transpiring (day 34). Based on the preliminary uptake experiments and the health of the replicate exposed to the same concentration, there was no indication that NPE9 exposure impacted the health of the plant. For this plant, only 30% of the 14 C added to the system was associated with the roots, and 49% remained in the root zone solution. Interestingly, the percentage of 14 C in the foliar portion of the plant was greater (12%) than that found in the healthy plant exposed to NPE9. The poor health of the plant may have impacted the permeability of the roots and enabled a greater amount of NPE9 to be translocated. However, this is just speculation at this time. Various types of root stress previously have been shown to impact root permeability [27] . For example, Riveria and Penner [28] found that nutrient stress increased the uptake of the herbicide Linuron. The results from this plant were not used in subsequent summary tables or discussions regarding average recoveries or distributions.
The percent of 14 C recovered in the plant tissue at the end of the experiment was determined by combusting three or more representative samples of the homogenized tissue of each type (root, foliar tissue) from each plant. The average 14 C per unit mass measured in the representative samples then was multiplied by the total dry weight of the plant section.
For the NP and NPE studies, the second highest percentage of 14 C was found in the root zone chamber (nutrient solution plus glassware rinses), and, for phenol, the second highest amount (16 and 30%) was collected in the 14 CO 2 traps (Table  2 ).
In the nonplanted systems, the majority of the 14 C was recovered in the nutrient solution and glassware associated with the root zone chamber, with the exception of the nonpoisoned, unplanted control for phenol. In this system, mineralization of the phenol resulted in the percentage of 14 C in the CO 2 traps (22%) to be similar to that in the root zone chamber (23%). The amount of 14 C collected in the volatile organic traps was minimal for all of the planted systems (Ͻ0.24%); however, measurable levels of 14 C were recovered in the unplanted systems for NP (5.0 and 8.6%) and the unplanted, poisoned phenol system (8.6%). The total amount of 14 C in the root zone, trapping solutions, and rinsate was determined by multiplying the average 14 C concentration by the total volume determined for each compartment. The root zone concentrations are presented as time-weighted averages for the entire test period.
Mineralization
For NP, NPE4, and NPE9, no measurable mineralization was observed in either the planted or unplanted systems. However, for phenol, mineralization was observed in both the planted and nonplanted, nonpoisoned systems. Degradation rates within hydroponic systems are not likely representative of those found in soil systems due to differences in the composition of microbial communities. The planted systems exhibited about twice as much mineralization as the unplanted systems. Several traps in the poisoned systems showed very low levels of 14 C, so a barium carbonate precipitation/re-evolution procedure was used to confirm that the 14 C collected in the CO 2 traps was 14 CO 2 . In the two planted and unplanted, unpoisoned reactors dosed with phenol, all of the activity measured in the KOH trapping solutions was 14 CO 2 . However, in the nonplanted, poisoned system dosed with phenol, it was determined that only about 60% was CO 2 . Carryover from the W.J. Doucette et al. volatile organic compound traps likely accounts for the remaining activity. This also was observed in the nonplanted NP and NPE studies.
Plant uptake and translocation
For the healthy plants, the concentrations of 14 C in the foliar portion of the plants (0.002-to 0.045-mg 14 C equivalent/kg dry wt) were over two orders of magnitude less than was found in the roots (0.41-to 2.1-mg 14 C equivalent/kg) for all four compounds (Table 3) . Although the limited translocation and high sorption were expected for the hydrophobic or surfaceactive compounds NP, NPE4, and NPE9, they also were observed for phenol. Similar results were obtained by McFarlane et al. [29] , who suggested that the 14 C found in the root tissue likely was a phenol transformation product.
Comparison between 14 C and parent compound concentrations in the plant tissue
A comparison between 14 C and parent compound concentrations (NP, NPE4, NPE9, and phenol) in plant tissue samples collected at the conclusion of each study was made to evaluate indirectly the potential transformation of the test compounds. Although it may be imprecise to compare directly the absolute values for 14 C and parent compound generated by different analytical techniques (combustion/LSC and extraction/HPLC), comparing ratios provides an estimate of the relative amounts of parent and transformation products. To make sure that the methods were comparable in terms of sensitivity, the amount of tissue extracted for parent compound analysis was based on the measured 14 C concentrations and was designed to provide enough mass (assuming the 14 C was parent compound) to be approximately 10 times the method detection limit (about 0.005 mg/kg). The LSC measurements of 14 C indicated that parent compound concentrations in the extract should have been detectable by HPLC, provided that all the 14 C was attributable to parent compound.
No parent compound was found in any of the foliar tissue samples using steam distillation or SFE and HPLC analysis.
Nonylphenol was identified in the root tissue samples at concentrations ranging from 3 to 10% of the 14 C NP equivalents, suggesting that most of the 14 C is no longer the parent compound NP or is not extractable by the steam distillation or SFE procedures. Spike recoveries of NPE4-9 (SFE/HPLC) and NP (steam distillation/HPLC) ranged from 68 to 89%, with an average of 81% (Ϯ9%).
It also should be noted that NP, an expected anoxic degradation product of NPEs, was not found in any of the plant tissues collected at the end of the study that had been exposed to NPE4 or NPE9. To verify this finding, a second set of extractions was performed, using eight times as much plant tissue (1.3-1.6 g dry tissue). Although the extract was found to have approximately eight times greater concentration of 14 C, NP still was not detectable.
It also is interesting to note that the percentage of 14 C detected in the foliar region of the plants was slightly greater in the NPE4 and NPE9 studies than what was observed in the NP study. This is consistent with what would be predicted based on the relative hydrophobicity and surface activity of NP, NPE4, and NPE9, even though no parent compound was detected in the foliar tissue.
Transpiration stream concentration factors
As discussed previously, TSCF values are required inputs in several plant uptake models [11] . Values for TSCF were calculated for each of the planted systems using concentrations (foliar tissue and root zone solution) based on 14 C parent compound equivalents and the total amount of water transpired during the study (Table 3 ). The water transpired varied with the size of the plant and duration of the study (6-28 L/77 to 99 d, plant removed after 34 d not included) and was calculated from the volume of nutrient solution needed to replenish the root zone solution in each planted chamber. Calculated and measured (from unplanted controls) evaporation rates were less than 1% of the transpiration rate.
The average TSCF values for NP, NPE4, NPE9, and phenol were 0.012, 0.032, 0.066 (plant removed after 34 d not inUptake of NP and NPE by crested wheatgrass Environ. Toxicol. Chem. 24, 2005 2971 cluded), and 0.088, respectively. These values increase with decreasing hydrophobicity; however, the low TSCF values, combined with the fact that no parent compounds were observed in the foliar plant tissue, suggest that translocation of the parent compounds was minimal in this study.
Root concentration factors
Root concentration factors are used to describe the equilibrium distribution of an organic chemical between plant roots and the surrounding aqueous phase, and are expressed as a ratio of the concentration of the chemical in the roots to that in the surrounding medium. The amount of chemical associated with the root tissue consists of two components, the chemical dissolved within the aqueous phase inside the root and the chemical sorbed to the lipophilic root solids. For hydroponic and surface active compounds, the latter component is expected to dominate.
At the conclusion of the full-scale uptake study, root concentration factors (average of two planted systems) were determined to be 326, 136, 41 (plant removed after 34 d not included), and 229 for NP, NPE4, NPE9, and phenol, respectively. These values decrease with decreasing hydrophobicity, as expected, except for phenol. Degradation of phenol within the rhizosphere and incorporation of 14 C into root tissue and rhizosphere organisms is a possible explanation for the higherthan-expected root concentration factors for phenol.
CONCLUSION
The primary objective of this study was to determine the extent to which NP, NPE4, NPE9, and phenol are taken up and translocated by hydroponically grown crested wheatgrass. Secondary objectives included examining the interaction between NPE4, NPE9, and NP with the root tissue (strength of association and kinetics), and evaluating the impact of plants on the degradation of NP, NPE4, NPE9, and phenol (used as a benchmark compound).
Normalizing the 14 C found in the plants (root and foliar tissue, Table 3 ) to 100% illustrates that most of the 14 C recovered from each of the planted systems was found in the root tissue. For NP, 98% of the 14 C detected in the plants was associated with the roots. Similar results were obtained for NPE4 (89-95%), NPE9 (91%), and phenol (93-97%). No parent compounds were detected in the foliar tissue using a SFE/ HPLC procedure, implying that the 14 C detected in foliar tissue has been transformed or is unextractable. Nonylphenol was the only one of the four compounds to be identified in the roots. Little or no mineralization within the hydroponic rhizosphere was observed for NP, NPE4, and NPE9; however, for phenol 16 to 30% of the added 14 C was mineralized. However, it should be noted that the extrapolation of degradation rates from hydroponic to soil systems is not appropriate due to differences in the composition of the respective microbial communities.
